OBJECTIVE -This study compares the time-action profile of inhaled insulin (INH; Exubera) with that of subcutaneously injected insulin lispro (ILP) or regular human insulin (RHI) in healthy volunteers.
T he pulmonary delivery of insulin is currently being studied as an alternative method of insulin administration. Early studies have shown promising results, and it has been demonstrated that the onset of action of inhaled insulin is faster than that of regular human insulin (RHI), resembling that of rapid-acting insulin analogs (1) (2) (3) (4) (5) . RHI has several disadvantages when its use for controlling prandial glycemia is considered. A relatively slow onset of action and a prolonged duration of action results in a suboptimal time-action profile (6) . In addition, subcutaneous insulin injections are often considered inconvenient and cause anxiety for many patients (7) .
Inhaled insulin may be a viable alternative to prandial insulin administration for patients with diabetes because of its more favorable pharmacokinetic profile and less invasive route of administration. However, a direct comparison of the pharmacodynamic properties of INH and subcutaneously injected rapid-acting insulin analogs has not yet been performed. The purpose of this study was to compare the pharmacokinetic and pharmacodynamic properties of human insulin administered to the lung using a novel drypowder inhaled insulin delivery system with those of subcutaneously injected RHI and the rapid-acting insulin analog insulin lispro (ILP).
RESEARCH DESIGN AND
METHODS -Eighteen healthy, nonsmoking male volunteers (age 28 Ϯ 4 years, BMI 23.6 Ϯ 2.0 kg/m 2 ) participated in this open-label, randomized, three-way, crossover study. Seventeen participants completed the study; one withdrew after receiving his first study treatment (INH) due to an adverse event (sepsis) attributed to the testing procedure and not the study treatment.
Subjects gave written informed consent and underwent a physical examinat i o n , 1 2 -l e a d e l e c t r o c a r d i o g r a m recording, and clinical laboratory tests. All subjects had normal lung function (mean forced expiratory volume in 1 s [FEV 1 ] Ͼ80% of predicted normal value; FEV 1 -to-forced vital capacity ratio Ͼ0.80) as measured in a standing position using a Spirovit SP-200 (Schiller AG, Baar, Switzerland). Nonsmoking status was verified using a negative urine cotinine excretion test (LCMS method, API 3ϩ; Perkin-Elmer, Weiterstadt, Ger-
The study was carried out in accordance with the principles of the Declaration of Helsinki and of good clinical practice and was approved by the local ethics committee.
There were three dosing periods separated by 7-21 days. After an overnight fasting period, subjects were connected to a Biostator (Life Science Instruments, Elkhardt, IN) for glucose infusion to maintain glucose concentrations at a target level (90 mg/dl or 5.0 mmol/l). A basal intravenous insulin infusion (Actrapid U100; Novo Nordisk, Bagsvaerd, Denmark) at 0.15 mU ⅐ kg -1 ⅐ min -1 (infusion pump, Midpress TE*171CW3; Terumo, Tokyo, Japan) was applied throughout the study to suppress endogenous insulin secretion and establish comparable serum insulin concentrations before administration of the study medication (ϳ10 -15 U/ml).
After a baseline period of 120 min, subjects received one of the following three treatments in a random order: INH 6 mg (two 3-mg doses; Exubera), ILP 18 units (Humalog; Eli Lilly, Indianapolis, IN), or RHI 18 units (Humulin; Eli Lilly) at time point zero. ILP and RHI were administered by subcutaneous injection using disposable insulin syringes (low-dose microfine IVϩ, 0.3 ml; Becton Dickinson, Heidelberg, Germany) into a lifted skinfold in the abdomen. INH was administered as an aerosolized cloud from the holding chamber (240 ml) of the mechanical handheld dry-powder inhaler (Nektar Therapeutics, San Carlos, CA). One milligram of Exubera contains 27.5 units of human insulin, which provides approximately the same total efficacy as 3 units of RHI subcutaneously (8) .
Volunteers were instructed to inhale steadily and deeply over 5-10 s after a normal exhalation and to hold their breath for 5 s afterward. Each administration of 6 mg insulin comprised two inhalation procedures, each of 3 mg insulin. The second procedure was performed within 1 min of the first. Glucose infusion rates (GIRs) necessary to keep blood glucose constant at the target level were recorded electronically every minute for 600 min after administration of insulin.
Pharmacokinetic and pharmacodynamic evaluations
Blood samples to determine serum insulin concentrations were collected at Ϫ120, Ϫ60, Ϫ30, Ϫ15, 0 min (just before insulin dosing), 5, 10, 20, 30, 40, 50, 60, 75, 90 , and 120 min, and then hourly until the end of each clamp procedure (600 min). Blood glucose was measured using the glucose oxidase method (Super GL; Hitado Dellecke-Mö hnesee, Germany) to readjust the Biostator glucose measurements in 30 min intervals. Serum insulin concentrations were measured by radioimmunoassay (Phoenix International Life Science, Montreal, QC, Canada) using an insulin antibody with a theoretical 100% cross-reactivity to ILP. However, due to the possibility of Ͻ100% crossreactivity, the pharmacokinetic profile of ILP is not reported here.
Statistical methods A one-sided significance level of 0.05 was used to test the hypothesis that INH and 
corrected GIRs registered in 17 healthy volunteers after inhalation of 6 mg insulin, subcutaneous injection of 18 units regular insulin, and subcutaneous injection of 18 units insulin lispro (LOESS smoothed data). B: Cumulative glucodynamic effect. The relative glucose consumption for each of the insulins from the beginning of the glucose clamp to any time point is expressed as a proportion of the total glucose consumption during the entire clamp period (i.e., AUC-GIR 0 -600 ).
ILP had greater areas under the curve (AUC) and shorter time to maximal effect (t max ) for the GIR and insulin concentration (for INH only) compared with RHI. All other comparisons were analyzed to determine whether the two-sided P value was significant at ␣ Ͻ 0.05.
For each subject and for each treatment day, the GIR was corrected for baseline GIR estimated as the mean of predose GIR values. If corrected postdose GIR values were Ͻ0, they were set equal to zero. These baseline corrected GIR values were then smoothed by fitting a sixth-degree polynomial function. The resultant smoothed GIR values were assessed as follows: the maximum GIR (GIR max ), time to GIR max (t GIRmax ), time to half of GIR max before GIR max (t GIR early 50% ), and time to half of GIR max after GIR max (t GIR late 50% ). The area under the GIR versus time curve (AUC-GIR) was calculated on the baseline corrected raw GIR values by means of the trapezoid rule to summarize the total amount of glucose infused for the intervals of time points 0 -60 min (AUC-GIR 0 -60 ), 180 min (AUC-GIR 0 -180 ), and 600 min (AUC-GIR 0 -600 ).
Natural log-transformed GIR and insulin AUCs, GIR max and insulin C max and untransformed t GIRmax , insulin t max , t GIR early 50% , and t GIR late 50% were analyzed using an ANOVA model containing sequence, subject-within-sequence, period, treatment, and treatment-by-period effects. SAS (Cary, NC) procedure GLM (general linear models) was used for these analyses. The LSMEANS statement of SAS was used to estimate the adjusted means and their variances and covariances. These estimates were then used to estimate the adjusted mean difference between treatment effects, their standard errors, and the 90% CIs of the difference. For GIR AUCs, GIR max , and insulin C max , the antilog (exponent) of the differences and confidence limits was taken to estimate the ratio between treatment effects and the 90% CI of the ratio. For t GIRmax , insulin t max , t GIR early 50% , and t GIR late 50% , the 90% CI of the mean difference was calculated. Geometric means were provided for GIR and insulin AUCs and GIR max and insulin C max . Arithmetic means were provided for t GIRmax Relative bioavailability was calculated using insulin AUCs.
RESULTS

Pharmacodynamic results
Baseline glucose consumption was comparable for all three study days. As shown in Fig. 1 and Table 1 , the onset of action of INH, as assessed by t GIR early 50% , was significantly more rapid than that of both RHI (32 vs. 48 min; P Ͻ 0.001) and ILP (41 min; P Ͻ 0.05). Time to maximal effect (t GIRmax ) was comparable between INH and ILP (143 vs. 137 min; NS) but was shorter for INH compared with RHI (193 min; P Ͻ 0.01). Maximal metabolic effect (GIR max ) for INH or RHI was lower than for ILP (8.7 and 9.8 vs. 11.2 mg ⅐ kg -1 ⅐ min -1 ; P Ͻ 0.01 and P ϭ 0.069, respectively), as also shown in Fig. 1 . Duration of metabolic activity (t GIR late 50% ) of INH (387 min) was longer than that of ILP (313 min; P Ͻ 0.01) and comparable to that of RHI (415 min, NS).
The rapid onset of action of INH was also reflected in the higher glucose consumption during the first hour after administration (AUC-GIR 0 -60 ) compared with RHI (0.23 vs. 0.17 g/kg; P Ͻ 0.05). 
Pharmacokinetic results
Total insulin exposure was similar for INH and RHI (14,000 vs. 17,700 U ⅐ ml -1 ⅐ min -1 ), which is consistent with the findings on pharmacodynamics (Fig. 2 , Table 2 ). The time to maximal serum insulin concentration (t max ) observed with INH (55 min) was more rapid than that of RHI (148 min; P Ͻ 0.001). Maximal serum insulin levels (C max ) achieved after administration of INH and RHI were similar (66.9 vs. 61.0 U/ml) (Fig. 2A) . The relative insulin exposure for INH and RHI (expressed as a proportion of total insulin exposure during the entire clamp period, i.e., AUC-insulin 0 -600 ) at different time points can be seen in Fig. 2B . Comparisons with ILP are not reported due to the possibility of Ͻ100% cross-reactivity between human insulin and lispro for the antibody used in the insulin assay. The relative bioavailability of INH compared with RHI in the first 60 min after inhalation was 18%, compared with the total bioavailability over the entire clamp period (600 min) of 9%, reflecting a rapid increase in circulating insulin during this period.
Tolerability INH was well tolerated by all subjects. No clinically relevant changes in laboratory safety parameters, lung function tests, or other drug-related effects were observed.
CONCLUSIONS -This study demonstrates, through a comparison of the time-action profiles of INH and two insulins administered by subcutaneous injection (ILP and RHI), that the onset of action of INH is at least as fast as ILP (a rapid-acting insulin analog) and considerably faster than RHI. The time-action profile of INH is consistent with previously published studies with inhaled pure (i.e., no absorption enhancers) insulin formulations (1) (2) (3) (4) . It was also found that the early metabolic response to INH is similar to that of ILP. The insulin doses for comparison in this study were chosen to be equivalent based on an assumed relative efficacy of ϳ10% (i.e., 1 mg INH ' 3 IU subcutaneous insulin). The measured GIR-AUC 0 -600 (showing equivalence for the three insulins at these doses) and the calculated values for total relative bioefficacy (10 -11%) demonstrate that this was a valid assumption.
The metabolic activity of INH declined somewhat more slowly than that of ILP but was nominally faster than RHI, which is also consistent with previous studies, irrespective of the presence or absence of absorption enhancers (1) (2) (3) (4) (5) . The reason for the prolonged metabolic action of inhaled insulin, which is distinctly different from the profile of subcutaneously injected rapid-acting insulin analogs, is not clearly understood. A possible explanation is that the pulmonary absorption of insulin is dependent on the size and, hence, the dissociation rate of the particles and their aggregates (9, 10) .
The pharmacodynamic findings of this study suggest that INH, with its initial rapid rise in circulating insulin levels, provides an insulin profile closer to the physiologic response to a meal than that which can be achieved after subcutaneous injection of RHI. INH therefore appears to be well suited to cover meal-related insulin requirements.
Several studies involving rapid-acting insulin analogs such as insulin aspart and insulin lispro have consistently demonstrated that a rapid onset of action leads to improvements in postprandial blood glucose control (6, 11, 12) . However, clinical studies have shown that the duration of action of rapid-acting insulin analogs may be too short to provide adequate postprandial control, as indicated by rising glucose levels in the postabsorptive state (13, 14) . In fact, it has been shown that improved glycemic control could only be achieved with an insulin analog by improving daytime basal insulin therapy (13, 14) . As INH has a longer duration of action than subcutaneous ILP, it may provide better postprandial glucose control. However, this hypothesis needs to be confirmed.
The observed relative efficacy for INH of 10 -11% is comparable to or even greater than previously published results for pure insulin preparations for inhalation (1) (2) (3) (4) . Until recently, such insulin absorption rates and metabolic effect could only be achieved by means of absorption-facilitating substances (15) . It should be emphasized that in terms of the use of INH preparations for meal-related insulin needs, the efficacy of INH is more pronounced than the calculated rate of 10 -11%. In the first hour after insulin administration-the pivotal time for prandial blood glucose control-a relatively high metabolic effect is required. The relative bioefficacy of INH during this period was 15% compared with RHI. Nevertheless, improvements in bioefficacy (e.g., through further advances in inhalation device technology) remain a challenge for the future.
The maximal metabolic effect obtained with INH (6 mg) was lower than that of ILP (18 units), although this does not take into account the dose dependence of the metabolic activity. Because an increase in dose of INH may result in a more prolonged duration of action, as has been demonstrated for RHI and ILP (16, 17) , this needs to be investigated further.
The serum insulin time-concentration (pharmacokinetic) profiles observed after INH or RHI insulin administration reflected the corresponding pharmacodynamic time-action profiles. Although the radioimmunoassay used in the present study was validated at the testing laboratory, the possibility of a mismatch in antibody cross-reactivity for human insulin (inhaled or injected) and insulin lispro remained, because the relative ILP concentrations were consistently greater than those reported in other trials (11, 18) .
The efficacy and suitability of inhaled insulin has been evaluated in other clinical studies that showed improved glycemic control with inhaled insulin over a period of 3-6 months in patients with type 1 or type 2 diabetes (8,19 -21) . Moreover, participants in these studies showed a high level of satisfaction with the new route of insulin delivery and the treatment was well tolerated (22, 23) . The results of long-term clinical studies involving inhaled insulin show satisfactory metabolic control was maintained for up to 4 years by use of preprandial inhaled insulin and no safety issues were reported (24) .
In conclusion, inhaled insulin offers the benefits of noninvasive administration and a time-action profile that combines the advantages of both rapid-acting insulin analogs and regular human insulin, making it well suited for prandial insulin substitution. 
